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EFFECT OF COMPONENT DIFFERENTIAL HARDNESSES ON 

ROLLING-CONTACT FATIGUE AND LOAD CAPACITY 

by Erwin  V. Zaretsky, Richard J. Parker, and W i l l i a m  J. Anderson 

Lewis Research Center 

SUMMARY 

The f i v e - b a l l  f a t igue  t e s t e r  was used t o  study t h e  e f f e c t  of component 
hardness combinations on t h e  f a t igue  l i f e  of r o l l i n g  elements subjected t o  r e -  
peated s t r e s s e s  appl ied i n  r o l l i n g  contact .  SAE 52100 s t e e l  b a l l s  from t h e  
same hea t  of ma te r i a l  were tempered t o  a range of Rockwell C hardnesses from 
59.7 t o  66.4. Groups of b a l l s  having average Rockwell C hardnesses of 60.5, 
63.2, and 65.2 were used as upper t e s t  b a l l s  and run  with lower t es t  b g l l s  of 
nominal Rockwell C hardnesses of 60, 62, 63, 65, and 66. Nominal t e s t  condi- 
t i o n s  included an average race  temperature of 150' F, 800,000-psi maximum 
( H e r t z )  compressive s t r e s s ,  and a highly pu r i f i ed  naphthenic mineral  o i l  l u b r i -  
cant .  The f a t i g u e  l i f e  r e s u l t s  were compared with component hardness combina- 
t i o n s ,  p l a s t i c  deformation of t he  upper tes t  b a l l ,  r e t a ined  aus t en i t e ,  g ra in  
s i z e ,  and contact  temperature. The following r e s u l t s  were obtained. 

I n  general ,  f o r  a s p e c i f i c  upper t e s t  b a l l  hardness, t h e  ro l l ing-contac t  
f a t i g u e  l i f e  and the  load-carrying capaci ty  of t he  t e s t  system increased with 
increas ing  lower t e s t  b a l l  hardness t o  an  intermediate hardness where a peak 
l i f e  w a s  a t t a ined .  For f u r t h e r  increases  i n  hardness of t h e  lower b a l l s ,  sys- 
t e m  l i f e  and capaci ty  decreased. 
f o r  each of t h e  th ree  l o t s  of upper t es t  b a l l s  where t h e  hardness of t h e  lower 
t es t  b a l l s  w a s  approximately one t o  two Rockwell C hardness po in t s  g rea t e r  than 
t h e  upper t es t  b a l l .  The improvement i n  load capaci ty  a t  t h e  intermediate 
hardness where a peak l i f e  w a s  observed was as much as 130 percent  g rea t e r  than  
t h a t  of t h e  lowest hardness. 

The peak l i f e  hardness combination occurred 

There w a s  no apparent co r re l a t ion  between f a t igue  l i f e  and ma te r i a l  prop- 
e r t i e s  such as r e t a ined  aus t en i t e  and g r a i n  s i z e .  Addit ional ly ,  no co r re l a t ion  
ex i s t ed  between t h e  r e s i s t ance  t o  p l a s t i c  deformation between elements of d i f -  
f e r e n t  hardnesses and f a t igue  l i f e .  Further,  no co r re l a t ion  ex i s t ed  between 
t h e  roll ing-element f a t i g u e  l i f e  and t h e  temperatures measured a t  t h e  edge of 
t h e  contact  zone f o r  each hardness combination. 

I J 

Only minor d i f fe rences  i n  t h e  metallographic s t r u c t u r e  were observed i n  
t h e  t es t  specimens over t h e  hardness range considered. The s o f t e r  b a l l s  tended 
t o  have more and l a rge r  f i n e  (p rec ip i t a t ed )  carbides  and g rea t e r  d e f i n i t i o n  of 



tempered martensi te .  
hardness (higher tempering temperatures).  

The amount of r e t a i n e d  a u s t e n i t e  decreased with lower 

I WI'RODUC T I O N  

Aerospace app l i ca t ions  demand high r e l i a b i l i t y  f o r  r o l l i n g  elements such 
as gears ,  cams, and roll ing-element bearings.  
toward increasing t h e  f a t i g u e  l i f e  of roll ing-element bearings and gears.  
t i g u e  t e s t i n g  has been conducted with bench-type component t es te rs  as w e l l  as 
with f u l l - s c a l e  bearings and gears.  
t hese  da ta  i s  t h a t  material hardness plays a n  important r o l e  i n  determining 
rol l ing-contact  f a t i g u e  l i f e .  

Much research has been d i r e c t e d  
Fa- 

A general  conclusion drawn from much of 

It i s  reported i n  reference 1 t h a t  f a t i g u e  l i f e  increased with increasing 
hardness f o r  four  groups of AISI M - 5 0  s tee l  balls having Rockwell C hardnesses 
of 56 t o  63 .5  r u n  i n  a one-ball  f a t i g u e  t e s t e r  at 400' F. 
( refs .  2 t o  4) i nd ica t ed  t h a t  l i f e  increased with increasing hardness f o r  1/2- 
inch-diameter bal l  specimens of fou r  materials, A I S I  M - 1 ,  A I S I  M - 5 0 ,  Halmo, and 
WB-49 t e s t e d  i n  t h e  NASA s p i n  r i g  and f ive-bal l  f a t i g u e  tes ters .  
f a t i g u e  l i f e  o r  load capac i ty  a t  intermediate hardness values  w a s  observed. 
These results were subs t an t i a t ed  with bear ings made of SAE 52100 having Rock- 
w e l l  C hardnesses up t o  63; f o r  t hese  bear ings,  f a t i g u e  l i f e  increased with 
increasing hardness ( re f .  5 ) .  These f ind ings ,  however, were contrary t o  t h e  
conclusions reached i n  reference 6 wherein a maximum f a t i g u e  l i f e  was predicted 
a t  an  intermediate hardness l e v e l  f o r  A I S I  M-50. 

Further  r e sea rch  

No maximum 

It was found i n  references 7 and 8 t h a t  p l a s t i c  deformation can reduce t h e  
contact stress as much as 10 percent at  t h e o r e t i c a l  maximum Hertz stress levels 
between 600,000 and 800,000 p s i  i n  t h e  f i v e - b a l l  f a t i g u e  t e s t e r .  
where p l a s t i c  deformation does occur under r o l l i n g  contact ,  t h e  ca l cu la t ed  
H e r t z  s t r e s s  may only be approximate ( refs .  7 and 9). 
s i s t a n c e  t o  p l a s t i c  deformation has a two-fold e f f e c t  on fatigue l i f e :  as 
hardness i s  decreased, f a t i g u e  l i f e  decreases because of an inherent  decrease 
i n  mater ia l  s t rength ,  bu t  a t  t h e  same time r e s i s t a n c e  t o  p l a s t i c  deformation 
and, thus,  t h e  contact s t r e s s  decrease. This l a t t e r  e f f e c t  would increase fa- 
t i g u e  l i f e .  The two e f f e c t s  a r e ,  t h e r e f o r e ,  a c t i n g  i n  opposit ion t o  each 
o ther .  

Therefore,  

Material hardness o r  re- 

The research reported he re in  w a s  undertaken t o  experimentally determine: 
(1) whethcr =. XaxLiiiaii sys-terri Yatigue l i f e  does e x i s t  a t  some opthum component 
hardness combination, (2) whether a r e l a t i o n  exis ts  among contact  temperature, 
component hardness, and f a t i g u e  l i f e ,  ( 3 )  whether a r e l a t i o n  e x i s t s  among 
p l a s t i c  deformation, r e l a t i v e  hardness of system components, and f a t igue  l i f e ,  
and ( 4 )  whether meta l lurg ica l  f a c t o r s ,  such as r e t a i n e d  a u s t e n i t e  and g r a i n  
s i z e ,  a f f e c t  f a t i g u e  l i f e .  

Tests were coiidixcted i n  t h e  f i v e - b a l l  f a t i g u e  t e s t e r  with upper t e s t  b a l l s  
having average Rockwell C hardnesses of 60.5, 63.2, and 65.2 and lower t e s t  
b a l l s  from f i v e  separate  groups of 5 9 . 7  t o  66.4 (Rockwell C ) .  
b a l l s  were posi t ioned by a separator  i n  an  ou te r  r a c e  having a Rockwell C hard- 
ness of G'i t o  63. The system w a s  considered f a i l e d  if a f a t i g u e  spa11 occurred 

The lower t e s t  

2 



on any of t hese  components. Test conditions were a maximum i n i t i a l  Hertz 
s t r e s s  of 800,000 p s i ,  a sha f t  speed of 10,000 rpm, a contact  angle of 30°, and 
a race  temperature of 150' t o  165' F w i t h  a highly r e f i n e d  naphthenic mineral  
o i l  as t h e  lub r i can t .  
batch of material and lub r i can t .  

~ 

All experimental r e s u l t s  were obtained with a s ingle  

I 

I BACKGROUND 
1 The references r e l a t i n g  ma te r i a l  hardness t o  ro l l ing-contac t  f a t igue  l i f e  

are l imi t ed  i n  number. 
t o  4 i nd ica t e  t h a t  r e s i s t ance  t o  permanent p l a s t i c  deformation increases  with 
increasing hardness. Since f a t igue  l i f e  i s  a func t ion  of hardness, it w a s  thus  
concluded t h a t  a q u a l i t a t i v e  co r re l a t ion  e x i s t s  between f a t i g u e  l i f e  and r e s i s -  
tance t o  p l a s t i c  deformation. Many f a c t o r s ,  however, that cont r ibu te  t o  pene- 
t r a t i o n  hardness may not necessar i ly  contr ibute  t o  t h e  r e s i s t ance  t o  p l a s t i c  
deformation under r o l l i n g  contact .  The f ac to r s  t h a t  can a f f e c t  pene t ra t ion  
hardness a r e  among o the r s :  
d i spers ion  of carbide phases, (3) t h e  amount of r e t a ined  aus t en i t e ,  ( 4 )  t h e  
amount of b a i n i t e ,  (5) t h e  s t r a i n  caused by volume changes when aus t en i t e  
transforms t o  martensi te ,  and (6 )  t he  amount and type of new phases forming. 
Items (1) t o  ( 4 )  can be cont ro l led  t o  a great  extent  by heat  treatment.  
mechanoelastic mar t ens i t i c  transformation is  assumed, however, items (5) and 
(6 )  a r e ,  i n  most cases,  a funct ion of t he  contact stress due t o  t h e  hardness 
indentor o r  t o  t h e  two geometries i n  contact.  

Deformation and w e a r  t e s t s  repor ted  i n  references 2 

(1) t h e  amount of carbon i n  s o l i d  so lu t ion ,  ( 2 )  t h e  
L 

If 

It has been ind ica ted  by some inves t iga tors  t h a t  f o r  a given hardness i n  
bear ing s t e e l s ,  t he  amount of p l a s t i c  deformation increases  as t h e  amount of 
r e t a ined  aus t en i t e  increases  (refs. 10 and 11). A c o r r e l a t i o n  w a s  found be- 
tween t h e  amount of p l a s t i c  deformation and r e t a ined  aus t en i t e  i n  SAE 52100 
bear ing s t e e l ,  which was kept a t  a r e l a t i v e l y  constant  hardness; t h i s  mater ia l  
w a s  given d i f f e r e n t  heat  t reatments  t o  vary i t s  r e t a ined  aus t en i t e  content from 
0 t o  20 percent  ( r e f .  10). Additionally,  it ms repor ted  i n  re ferences  2 
and 11 t h a t  t h e  r e s i s t ance  t o  p l a s t i c  deformation appears t o  be a d i r e c t  func- 
t i o n  of hardness f o r  a given mater ia l .  The contact s t r e s s  a t  which t h e  onset 
of p l a s t i c  deformation occurs,  however, appears t o  be r e l a t e d  t o  t h e  amount of 
r e t a ined  a u s t e n i t e  present .  
s t e e l  b a l l  specimens having Rockwell C hardnesses of 58 t o  64, t h e  s t r e s s  a t  
which p l a s t i c  deformation i n i t i a t e s  w a s  increased from 160,000 t o  373,000 p s i  
as t h e  r e t a i n e d  aus t en i t e  content decreases from 18.4 t o  3.9 percent ( r e f .  11). 

A s  w a s  reported i n  reference 11 for SAl3 52100 

It has been shown t h a t  where the  amount of b a i n i t e  i s  var ied  from 10 t o  
20 percent ,  increased r e s i s t ance  t o  permanent p l a s t i c  deformation as wel l  as 
increased f a t i g u e  l i f e  occurs (p r iva t e  communication from E. N. Bamberger, 
General E l e c t r i c  Company, Cincinnat i ,  Ohio). A s  t h e  amount of b a i n i t e  i s  in -  
creased from 20 t o  40 percent ,  f a t igue  l i f e  and t h e  r e s i s t a n c e  t o  permanent 
p l a s t i c  deformation decreases.  These r e s u l t s ,  as do those  reported i n  r e f e r -  
ences 2 t o  4, i nd ica t e  a co r re l a t ion  between f a t igue  l i f e  and t h e  r e s i s t ance  of 
t h e  ma te r i a l  t o  p l a s t i c  deformation. Since t h e  v a r i a t i o n  i n  hea t  treatment o r  
hardness w i l l  a f f e c t  near ly  a l l  ma te r i a l  var iab les  t o  d i f f e r e n t  degrees,  it i s  
very d i f f i c u l t  t o  measure the  e f f e c t  of only one va r i ab le  when t h e  o thers  can- 
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TABLE I. - CHEMICAL COMPOSITION not be kept constant.  Therefore, hardness appears 

OF SAE 52100 STEEL t o  be the  b e s t  measurable parameter i n  judging t h e  
performance of a p a r t i c u l a r  mater ia l  i n  fa t igue .  

Carbon 
Manganese 
Silicon .22 

MArnRLAL 

SAE 52100 s t e e l  fabr ica ted  i n t o  l/Z-inch- 
Chromium 

Phosphorous .007 

diameter b a l l  specimens w a s  used f o r  these  tests.  
This mater ia l  was se lec ted  because of t h e  l a rge  
amount of f a t igue  data obtained with t h i s  m a t e r i a l  
and i t s  widespread use as a bearing mater ia l .  The 

I Sulfur 1 l:;L 1 
chemical composition of t he  SAE 52100 s t e e l  used i n  t h i s  inves t iga t ion  i s  given 
i n  t a b l e  I. The b a l l  specimens were divided i n t o  11 l o t s .  Nine of t h e  11 l o t s  
were from t h e  same heat of mater ia l  according t o  t h e  manufacturer. The two 
l o t s  from the  separate  heat  of material had a Rockwell C hardness g r e a t e r  than 
66. The amount of re ta ined  aus t en i t e  f o r  these  l o t s  d i f f e r e d  s i g n i f i c a n t l y  
from the  other nine l o t s .  A range of hardness w a s  obtained f o r  t he  remaining 
nine l o t s ,  which o r i g i n a l l y  had a Rockwell C hardness of approximately 66 by 
varying the tempering temperature and t h e  tempering time for each l o t .  
schedule of the  heat  treatment used f o r  each of these  l o t s  i s  shown i n  ta-  
b l e  11. 
t h i s  tab le .  
separate  heat having Rockwell C hmdnesses of 66.2 and 66.4, t h e  mount  of r e -  
ta ined  aus ten i te  was l e s s  f o r  mater ia ls  having a lower hardness value. 

A 

Retained aus t en i t e  and p r io r  a u s t e n i t i c  gra in  s i ze  a r e  a l s o  given i n  
It w i l l  be noted t h a t ,  except f o r  t h e  two mater ia l  l o t s  from t h e  

TABLE 11. - SAE 52100 MATERIAL PROPERTIES AND W T  TREATMENT 

t treatment 
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The range of values for t h e  cleanl iness  r a t i n g s  f o r  the  11 l o t s  were stud- 
i ed  and a r e  given i n  t a b l e  111. 
ied  between l o t s ,  c leanl iness  and p r io r  aus t en i t i c  gra in  s i ze  were held r e l a -  
t i v e l y  constant.  

Since o n l y t h e  tempering temperature was var-  

Photomicrographs of representa t ive  l o t s  of d i f f e r e n t  hardnesses a r e  shown 
i n  f igu re  1. 
more numerous p r e c i p i t a t e d  carbides and a greater  d e f i n i t i o n  of tempered m a r -  
t e n s i t e .  

The mater ia l s  tempered t o  a lower hardness tended t o  have l a r g e r ,  

TABLE 111. - RANGE OF NONMETALLIC INCLUSION 

FMTINGS OF TEST MATERIAL 

[ Jernkontoret char t s  (ASTM spec. E 4 5 - 5 1 ) .  1 

Thick s e r i e s  

(a) Rockwell C hardness, 59.7; second temper, (b) Rockwell C hardness, 61.9; second temper, 
60 minutes at 450" F. 60 minutes at 350" F. 

(c) Rockwell C hardness, 63.2; second temper, 
60 minutes at 320" F. 

(d) Rockwell C hardness, 65.0; second temper, (el Rockwell C hardness, 66.4; second temper, 
90 minutes at 250 F. none. C-72106 

Figure 1. - Microstructure of SAE 52100 austenitized at 1550" to 1600" F; oi l  quenched at 125" F; f i rst  temper i n  oil at 250" F; second temper as 
indicated. Magnification, 750 diameters. (Reduced 33 percent i n  printing.) 

5 



APPMTUS 

Five-Ball Fatigue Tester 

The NASA f i v e - b a l l  f a t igue  tes te r  was used f o r  a l l  t e s t s  conducted. me 
apparatus i s  shown schematically i n  f igures  2(a) and (b) and was previously de- 
scr ibed i n  reference 2. This f a t igue  t e s t e r  cons is t s  e s s e n t i a l l y  of an upper 
t e s t  b a l l  pyramided upon four  lower-test  b a l l s  t h a t  are  posit ioned by a sepa- 
r a t o r  and f r e e  t o  r o t a t e  i n  an angular contact raceway. System loading and 
dr ive  a re  supplied through a v e r t i c a l  dr ive shaf t .  For every revolut ion of t h e  
dr ive  shaf t ,  t h e  upper t e s t  b a l l  receives t h r e e  s t r e s s  cycles. 
b a l l  and the  raceway a r e  analogous i n  operation t o  t h e  inner  and outer  races  of 
a bearing, respectively.  
ner s imi la r  t o  t h e  cage and the  b a l l s  i n  a bearing. 

The upper t e s t  

The separator  and the  lower b a l l s  funct ion i n  a man- 

Temperature Measuring Device 

The f ive -ba l l  f a t igue  tester w a s  modified i n  order t o  measure t h e  sur face  
temperature near t h e  contact  area of a modified t e s t  specimen during operation. 
Figure 2(c)  shows t h e  t e s t  specimen and t h e  mounting assembly, which i s  in -  
s e r t e d  in to  the  dr ive  spindle  of t h e  f i v e - b a l l  f a t igue  tes-ber ( see  f i g .  2 ( a ) ) .  
Each specimen had a thermocouple a t tached with t h e  t i p  a t  one edge of t h e  run- 
ning t rack .  An a x i a l  hole w a s  d r i l l e d  through t h e  dr ive  spindle  t o  i n s e r t  t h e  
thermocouple wire. 
assembly mounted at the  top  end of t he  dr ive  spindle .  

The thermocouple EMF w a s  taken out through a s l ipr ing-brush 

PROCEDm 

Fatigue Test ing 

Hardness measurements for each of t h e  11 l o t s  of b a l l s  were made and t h e  
average recorded i n  t a b l e  11. Subsequently, t h e  l o t s  were divided i n t o  f i v e  
groups having nominal Rockwell C hardnesses of 60, 62 ,  63, 65, and 66. B a l l s  
from each hardness group were used as lower t e s t  b a l l s  i n  t es t s  with t h r e e  l o t s  
of upper t e s t  b a l l s  having average Rockwell C hardnesses of 60.5, 63.2, and 
65.2. 

Before assembly i n  t h e  f i v e - b a l l  f a t i g u e  t e s t e r ,  a l l  t e s t - s e c t i o n  compo- 
------- npntc. "re fliished 2nd scrl~blscd 7,:ith ctk;j-l alcohol ai:& wiped a-3- clear1 
cheesecloth. The specimens were examined f o r  imperfections a t  a magnification 
of 15 diameters and the  lower t e s t  b a l l s  were grouped i n  sets  of four  with d i -  
ameters matched within 20 microinches t o  ensure loading of t h e  upper t e s t  
specimen at a l l  four contact po in ts .  A f t e r  examination, a l l  specimens were 
coated w i t h  t e s t  l ub r i can t  t o  prevent corrosion and wear a t  s t a r tup .  A new set  
of lower t e s t  balls w a s  used with each upper t e s t  b a l l  specimen. The speed and 
o i l  f low were monitored and recorded a t  r egu la r  i n t e rva l s .  After a t e s t ,  t h e  
outer  race of t he  f i v e - b a l l  system w a s  examined v i s u a l l y  f o r  damage r e s u l t i n g  
f rom t h e  previous t e s t s .  If any damage was  discovered, t h e  race  would be r e -  
placed pr ior  t o  f u r t h e r  t e s t i n g .  



(a) CLita\niaq vie& of fibs-ball fatigue t 

‘Upper test ball 
RacewavJ 

CD-6838 
(b) Schematic of five-ball tester. 

Thermocouple wires to 
sl ipr ing-brush assembly- 

. 

Modified test 
sDecimen 
with tongue 

( C) 

/-Taper shaft inserted ,’ into drive spindle 

Operating-temperature measuring device. 
Figure 2. - Test apparatus. 

7 



Fatigue tes t s  were conducted i n  t h e  f ive-ba l l  f a t igue  t e s t e r  a t  a maximum 
Hertz s t r e s s  of 800,000 ps i ,  a dr ive  shaf t  speed of 10,000 rpm, and a contact  
angle of 30' ( ind ica ted  by I3 i n  f ig .  2 (b ) ) .  The race temperature s t a b i l i z e d  
a t  150' t o  165' F with no heat  added. 
was calculated by using t h e  H e r t z  formulas given i n  reference 12.  

The s t r e s s  developed i n  t h e  contact  area 

Method of Presenting Fatigue Results 

Total  running t i m e  f o r  each specimen (or t e s t  system) was recorded and 
converted i n t o  t o t a l  s t r e s s  cycles. The s t a t i s t i c a l  methods of reference 13 
f o r  analyzing rol l ing-contact  f a t igue  data  were used t o  obtain a log-log p l o t  
of t h e  reciprocal  of t h e  p robab i l i t y  of surv iva l  a s  a funct ion of t he  log  of 
stress cycles t o  f a i l u r e  (Weibull coordinates).  For convenience, t h e  ordinate  
i s  graduated i n  s t a t i s t i c a l  percent of specimens f a i l ed ,  From these  p l o t s  t h e  
number of s t r e s s  cycles  necessary t o  f a i l  any given por t ion  of t he  specimen 
group may be  determined. Where high r e l i a b i l i t y  i s  of paramount importance, 
t h e  main i n t e r e s t  i s  i n  ea r ly  f a i lu re s .  
l i f e  on t h e  Weibull p l o t  was used. 
cycles  within which 1 0  percent of t h e  specimens can be expected t o  f a i l j  t h i s  
10-percent l i f e  i s  equivalent t o  a 90 percent p robab i l i t y  of survival.  The 
f a i l u r e  index given with each p l o t  ind ica tes  t h e  number of specimens f a i l e d  out 
of those tes ted.  

For camparison purposes t h e  10-percent 
The 10-percent l i f e  i s  t h e  number of s t r e s s  

Measurement of Deformation and Wear 

Prof i le  t r a c e s  ( f ig .  3) of t h e  upper t e s t  b a l l  specimens run i n  t h e  f ive-  
b a l l  fa t igue  t e s t e r  were made on a contour t r ace r ,  By use of t he  contour 
t r a c e r ,  permanent deformation a.nd wear caused by r o l l i n g  contact  were studied. 
Deformation and wear da ta  were obtained f o r  t h e  SAE 52100 s t e e l  b a l l s  having 

/ "-Sphere \ 
(a) Schematic cross section, sphere and deviation from sphere at 

same magnification. 

Profi le deviation 
magnified 50,wO 

Deformation area 
E32 Deformation plus 

wear area, a 

Chord deviation 
magnified 50,000 times 

( b )  Surface profile trace and profile of deviation from sphere h igh ly  

Figure 3. -Cross section of  postrun ball specimen track (not to scale). 

magnified. 

nominal Rockwell C hardnesses of 60, 
62, 63, 65, and 66 run on lower b a l l s  
having average Rockwell C hardnesses 
of 60.5, 63.2, and 65.2. For each 
upper b a l l  ha.rdness, e igh t  t e s t s  were 
run. Six p r o f i l e  t r a c e s  of each 
upper t e s t  b a l l  running t r a c k  were 
made i n  a contour t r a c e r  a t  d i f f e r e n t  
loca t ions  around t h e  b a l l  perpendicu- 
l a r  t o  t h e  running track. 

The areas  of deformation and of 
deformation p lus  wear cannot be mea- 
sured d i r e c t l y  with any accuracy be- 
cause of t h e i r  small s i z e  on the  
t race.  I n  order  t o  measure t h e  a reas  
accurately,  t h e  surface t r a c e  was 
projected a t  a magnification of f i v e  
and drawn on po la r  g r id  paper. Af t e r  
project ion,  r a d i a l  d i s tances  on t h e  
t r a c e  were magnified 50,000 times, 
while c i rcumferent ia l  dis tances  were 
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magnified 30 times.  The surface t r a c e  would then look as shown schematically 
i n  f igu re  3 ( b ) .  
measured from these  t r a c e s  by use of a planimeter. The wear a rea  i s  the  d i f -  
ference between these  two areas  (a rea  o f  deformation plus  wear minus area of 
deformation). The depth of t he  t r a c k  h was a l s o  measured. 

The a reas  of deformation and of deformation plus w e a r  were 

Lower t e s t  
b a l l  

Rockwell C 
hardness  

(and d e s i  
na t ionay-  

i RFSLTLTS AND DISCUSSION 

D i f f e r -  
ence i n  

Rockwell C 
hardness  
between 

lower and 

L i f e  Results ~ 

) a l l  
' a i l -  
i res  

2 
4 
2 

3 

0 0  
3 
6 
6 

3 

2 

0 
2 6  
7 
7 
8 

Groups of l/Z-inch-diameter SAE 52100 b a l l s  with Rockwell C hardnesses 
ranging from approximately 60 t o  66 were run i n  various combinations of upper 
and lower b a l l  hardnesses i n  the  NASA f i v e - b a l l  f a t igue  t e s t e r .  Standard con- 
d i t i o n s  i n  the  f i v e - b a l l  fa t igue  t e s t e r  were ambient temperature ( i . e . ,  no 
heat was added) and a maximum Hertz stress of 800,030 p s i  at  a 30' contact  
angle with a highly p u r i f i e d  naphthenic mineral o i l .  
t h e  upper t e s t  b a l l  of t h e  f i v e - b a l l  system were 60.5, 63.2, and 65.2. These 

1 b a l l s  were run aga ins t  lower tes t  b a l l s  having Rockwell C hardnesses of 59.7 
t o  66.4. Resul ts  of these  f a t igue  tests a re  p l o t t e d  i n  f igu res  4 t o  6.  The 
10-percent f a t i g u e  l i v e s  a r e  summarized i n  t a b l e  I V .  

Rockwell C hardnesses of 

ures  

( f )  

55 
55 
67 

69 
ao 

27 
59 
55 
a2 

29 

33 
5 0  
45 

TABLE I V .  - SYSTEM FATIGUE LIFE AND LOAD C A P A C I T Y  OBTAINED WITH VARYING 

HARDNESS COMBINATIONS I N  FIVE-BALL FATIGUE TESTER 

[ I n i t i a l  maximum Her tz  s t r e s s ,  800,000 p s i ;  con tac t  ang le ,  30'; room 
tempera ture ;  f i a t e r i a l ,  SAE 52100 s t e e l . ]  

Upper t e s t  
b a l l  

Rockwell C 
hardness  

nationaFj- 
(and d e s i  

50.5 ( I -B)  

~ 

53.2 (111-F 

65.2 ( I V - I )  

~ 

3.0 

ys ten  
h r u s t  
load ,  

p, 
l b  

':" 

~ __ 
10- 

Percent 
f a t i g u e  

l i f e ,  
m i l -  

l i o n s  of 
s t r e s s  
cyc le s  

( b )  

6.2 
11.3 

9.7 
10.0 

1.2 
4.3 
7.7 

14.2 
3.7 

8.1 

1.7 
3.5 
5.1 

11.6 
17.2 

_ -  
3ysten 
load 

:apac- 
i t Y  

lased 
m ex- 
i e r i -  
nent a: 
l i f e ,  
CC, 
l b  
(d )  

~ 

624 
87 6 
682 
725 
730 

362 
553 
670 
830 
525 

~- 

405 
513 
584 
170 
87 6 

~ 

~- 
:on- 
f i -  

encc 
ium- 
Ierf  
>e r -  
:ent 

a8 
-- 
77 
74 
7 2  

99 
92 
76 

9 1  

98 

90 
64 

-. 

-- 
- 

9a 

-- 
- 

F a i l u r e  
index  (number 

of f a i l u r e s  
out of number 
of specimens 

t e s t e d )  

20 out  of  2 1  
22 o u t  of 2 2  
1 8  out  of 22 
20  out  o f  20 
1 9  out  of 2 0  

20  ou t  of 21  
2 2  out  of 22 
2 2  out  of 23 
2 2  o u t  of 22 
22 out  of 23 

_ _ _ _ ~  

17 ou t  o f  2 1  

1 8  out  of 18 
18  ou t  Of 1 8  
20  ou t  of 2 1  

17 out  of ia 

~ 

ium- 
ier 
of 
m e r  
e s t  
) a l l  
'ai l-  
ires 

11 
1 2  
12 
1 6  
1 3  

0 
6 

1 3  
1 2  
1 8  

__ 

5 
1 
6 
9 
9 

~ 

~ 

Num- 
b e r  

of 
lower 
t e s t  
b a l l  
f a i l -  
u r e s  

7 
6 
4 
1 
3 

20  
1 3  

3 
4 
2 

_ _ ~  

1 2  
1 4  

5 
2 
3 __ 

aSee t a b l e  11. 
bSee f i  s. 4 t o  6. 

dSee f i g .  E. 
ePercentage  of  t ime t h a t  10-percent  l i f e  ob ta ined  w i t h  each hardness  combination will have same 

fSee  f i g .  9. 

3 
= P -& where P i s  load  on t e s t  system and L i s  lo -pe rcen t  l i f e  of system. 

r e l a t i o n  t o  hardness  combination i n  t h a t  s e r i e s  exh ib i t i ng  h ighes t  10-percent  l i f e .  
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la) Lower test ball Rockwell C hardness, 60.5; race temperature, 

150°F; fai lure index, 20 out of 21. 
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(c) Lower test ball Rockwell C hardness 

150°F, fai lure index, 18 out of 22. 

1 10 

1 I l l  

63.2; race temperature, 

100 1000 

(b) Lower test ball Rockwell C hardness, 61.9; race temperature, 
150' F; fai lure index, 22 out of 22. 

(d) Lower test ball Rockwell C hardness, 65.2: race temperature. 
150° F; fai lure index, 20 out of 20. 

1 10 100 
Specimen life, mil l ions of stress cycles 

(e) Lower test ball Rockwell C hardness, 66.4; race temperature, 
150°F; fai lure index, 19 out of 20. 

(f)  Summary of fatigue lives. 

Figure 4. - Rolling-contact fatigue l i fe of five-ball system composed of SAE 52100 steel lower test balls of varying hardness run wi th  
upper test balls of SAE 52100 steel of Rockwell C hardness 60.5 at a maximum Hertz stress of 800,000 psi. 
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(a) Lower test ball Rockwell C hardness, 59.7; race temperature, 
155' F; fai lure index, 20 out of 21. 
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(c) Lower test ball Rockwell C hardness, 63.4; race temperature, 
165' F: fa i lure index. 22 out of 23. 

lb) Lower test ball Rockwell C hardness, 61.8: race temperature, 
150' F; fai lure index, 22 out of 22. 

(d) Lower test ball Rockwell C hardness, 65.0; race temperature, 
150O.F; fai lure index, 22 out of 22. 
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Specimen life, millions of stress cycles 

(e) Lower test ball Rockwell C hardness, 66.2; race temperature, 
155' F; fa i lure index, 22 out  of 8. 

(f) Summary of fatigue lives. 

Figure 5. - Rolling-contact fatigue l i fe of five-ball system composed of SAE 52100 steel lower test balls of varying hardness r u n  with 
upper test balls of SAE 52100 steel of Rockwell C hardness 63.2 at a maximum Hertz stress of 800,000 psi. 
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(c) Lower test ball Rockwell C hardness, 63.2; race temperature, 

150' F; fa i lure index, 18 out of 18. 

10 

(b) Lower test ball Rockwell C hardness, 61.9; race temperature, 
145' F; failure index, 17 out of 18. 

100 loo0 
Specimen life, mi l l ions 

(d) Lower test ball Rockwell C hardness, 65.2; race temperature, 
150' F; failure index, 18 out of 18. 

1 10 100 1000 

(e) Lower test ball Rockwell C hardness, 66.4; race temperature, 
150' F; fa i lure index, 20 out of 21. 

of stress cycles 

( f )  Summary of fatigue lives. 

Figure 6. - Rolling-contact fatigue l i fe  of five-ball system composed of SAE 52100 steel lower test balls of varying hardness run with 
upper test balls of SAE 52100 Steel of Rockwell C hardness 65.2 at a maximum Hertz stress of 800,000 psi. 
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Figure 7. - Ten-percent l i fe of five-ball system as a function of difference in hardness between 
lower test balls and upper test ball with h e r  and upper balls of SAE 52100 steel. 

It can be noted from t a b l e  IV t h a t  there  i s  no s ingle  r e l a t i o n  between the  
absolute  component hardness and system fa t igue  l i f e  t h a t  can be appl ied t o  a l l  
of t h e  data .  Further examination of t he  data revea ls  t h a t  system f a t i g u e  l i f e  
i s  apparent ly  a funct ion of t he  difference i n  the  hardnesses of t h e  lower and 
t h e  upper t e s t  b a l l s .  

The 10-percent l i v e s  of t he  f i v e - b a l l  system were p l o t t e d  i n  f igu re  7 
aga ins t  t h e  d i f fe rence  i n  the  hardness between t h e  lower and the  upper b a l l s  
(AH = lower t e s t  b a l l  hardness minus upper t e s t  b a l l  hardness).  System fa t igue  
l i f e  was found t o  be maxhum where the  lower t es t  b a l l  hardness was  one t o  two 
poin ts  (Rockwell C )  g rea te r  than t h e  upper t e s t  b a l l  hardness f o r  varying hard- 
ness of both components. These r e s u l t s  indicate  t h a t  a maximum bearing l i f e  
can be achieved i f  t h e  b a l l s  of a bearing a r e  one t o  two poin ts  (Rockwell C )  
harder than  t h e  races .  I n  t h e  f i v e - b a l l  fa t igue  t e s t e r ,  the  race hardness 
(Rockwell C )  of 62 plays no s ign i f i can t  r o l e  i n  the  f a t igue  l i f e  of t h e  system 
inasmuch as the  contact s t r e s s  a t  t h i s  race i s  low due t o  the  conformity of t he  
lower t e s t  b a l l  i n  t he  race.  

The confidence t h a t  can be placed i n  t he  experimental f a t igue  r e s u l t s  w a s  
determined s t a t i s t i c a l l y  by the  methods of reference 13. 
d i f f e r e n t  hardness combinations was compared with t h e  maximum l i f e  obtained 
with a given upper t e s t  b a l l  hardness. Confidence numbers f o r  t h e  10-percent 
l i v e s  were calculated and a r e  given i n  t ab le  I V .  
d i c a t e  t h e  percentage of t he  time t h a t  the 10-percent l i f e  obtained with each 
hardness combination will have t h e  same r e l a t i o n  t o  t h e  hardness combination i n  
t h a t  s e r i e s  exhib i t ing  the  highest  10-percent l i f e .  Thus, a confidence number 
of 90 percent means t h a t  90 out of 100 times t h e  specimens t e s t e d  with a given 
hardness combination w i l l  give a r e s u l t  s imilar  t o  those presented f o r  a s e r i e s  
of t e s t s  summarized i n  t a b l e  I V .  

Each of t h e  l i v e s  f o r  

These confidence numbers in- 
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Figure 8. - Load capacity of  five-ball system as a function of difference in hardness between lower 
test balls and upper test ball w i th  lower and upper balls of SAE 52100 steel. 

Load Capacity 

An important c r i t e r i o n  of bearing operat ion i s  i t s  load-carrying capaci ty ,  
usual ly  termed capacity.  This i s  t h e  load t h a t  w i l l  t h e o r e t i c a l l y  give a b a l l  
specimen o r  system l i f e  of 1 mi l l ion  s t ress  cycles  o r  bearing l i f e  of 1 mi l l ion  
inner-race revolut ions with a 90-percent p r o b a b i l i t y  of survival.  The load- 
carrying capacity of each hardness combination t e s t e d  may be calculated from 
the  f a t i g w  l i f e  r e s u l t s  summarized i n  t a b l e  I V  with t h e  following equation: 

C = P Z  

where C i s  t h e  load capacity,  P i s  t h e  load on t h e  t e s t  system, L i s  t h e  
10-percent l i f e  of t h e  system i n  mi l l i ons  of stress cycles.  The system load 
capaci ty  obtained with each hardness combination t e s t e d  i s  given i n  t a b l e  I V .  

A s  with t h e  f a t i g u e  l i f e  r e s u l t s ,  a comparison i s  made i n  f i g u r e  8 between 
capaci ty  and the  d i f f e rence  i n  hardness between t h e  lower and t h e  upper t e s t  
b a l l s .  As expected, t h e  m a x i m u m  system capac i ty  occurs a t  a d i f f e rence  i n  
hardness of t h e  lower and upper t e s t  ba l l s  of between one t o  two po in t s  (Rock- 
w e l l  C ) .  
range of l o w e s t  lower b a l l  hardness t o  t h e  intermediate  lower b a l l  hardness 

The improvement i n  capac i ty  ranged from 40 t o  130 percent over t h e  
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where a peak l i f e  occurred. A t  hardness combinations where the  lower t e s t  
balls were more than two points  (Rockwell C )  g rea te r  t h a n  the  upper t e s t  ba l l ,  
load capaci ty  dropped off markedly. The increase i n  r e l a t i v e  capaci ty  with in-  
creasing hardness cor re la ted  with previous published f a t i g u e  data for b a l l  
specimens ( r e f s .  2 t o  4) up t o  t h e  hardness combination where the  maximum sys- 
tem capaci ty  occurred. 

Effect  of Component Hardness on Fatigue Location 

It was shown i n  references 2 t o  4 t h a t  l i f e  of a given r o l l i n g  element in -  
creased with increased hardness of t h a t  element. No maximum f a t igue  l i f e  or 
load capaci ty  a t  an intermediate hardness was observed. Consequently, it would 
be expected t h a t  where the  hardness of a component w a s  increased, t h e  probabil-  
i t y  of f a i l u r e  occurring i n  the  component would decrease. Therefore, f o r  t he  
s e r i e s  of t e s t s  reported herein it would be expected t h a t ,  as the  hardness of 
t h e  lower b a l l s  w a s  increased with a given upper b a l l  hardness, t he re  would be 
a grea te r  probabi l i ty  of t he  upper t e s t  bal l  f a i l i n g .  I n  t a b l e  I V ,  t he re  is a 
t a b u l a t i o n  of t he  f a t igue  f a i l u r e s  wherein the  f a i l u r e  index ind ica tes  t he  
number of f a t igue  f a i l u r e s  r e l a t i v e  t o  t h e  number of t e s t s  i n  each s e r i e s .  Ad- 
d i t i o n a l l y ,  t h e  number of upper b a l l  f a i l u r e s ,  lower b a l l  f a i l u r e s ,  and t h e  
number of t e s t s  where both upper and lower t e s t  b a l l  f a i l u r e s  occurred a r e  
shown. Where the re  w a s  an upper and lower b a l l  f a i l u r e ,  it was  assumed from 
the  nature of the t e s t i n g  and the  method of de tec t ing  a f a i l u r e  t h a t  the  lower 
b a l l  f a i l e d  p r i o r  t o  t h e  upper b a l l .  
i n  t h e  upper ball  i s  a l s o  shown i n  t a b l e  I V  and i s  p l o t t e d  aga ins t  t he  d i f f e r -  
ence i n  hardness between t h e  lower and t h e  upper balls i n  f igu re  9. A s  w a s  
expected, increasing AH r e s u l t e d  i n  more upper b a l l  f a i l u r e s .  

The percent of t o t a l  failures occurring 

Where t h e  upper and lower t e s t  balls were of t he  same hardness ( i . e . ,  
AH = 0 ) ,  approximately ha l f  t he  f a i l u r e s ,  i n  each se r i e s ,  occurred on the  upper 
t e s t  b a l l .  From probabi l i ty  theory and reference 14 ,  it w a s  determined t h a t  i n  
t h e  f i v e - b a l l  fa t igue  t e s t e r  if  t he  upper and lower tes t  b a l l s  a r e  of t h e  same 
fa t igue  s t rength ,  t he  p r o b a b i l i t y  of a f a i l u r e  occurring i n  e i t h e r  one or t he  
other  i s  approximately equal. 

Effect  of Hardness Combinations on Deformation 

Deformation or changes i n  contact geometry developed on surfaces  i n  roll- 
ing  contact  can reduce contact s t r e s ses .  Such changes assume th ree  bas ic  
forms: (1) e l a s t i c  deformation, ( 2 )  p l a s t i c  deformation, and (3 )  wear. The 
l a t t e r  two forms r e s u l t  i n  permanent a l t e r a t i o n  of t h e  b a l l  surface contour, 
which can be measured a f t e r  t e s t ing .  

Figure 3 ( a )  (p. 8 )  i s  a schematic diagram of t h e  t ransverse sec t ion  of an 
upper ball  surface showing t h i s  permanent a l t e r a t i o n .  
obtained from the  p r o f i l e  t r a c e r  i s  shown i n  f igu re  3(b) .  

A surface p r o f i l e  as 

The surface p r o f i l e  shows t h a t  t h e  mater ia l  has been displaced t o  the  
regions on e i t h e r  s ide  of the  running t rack .  The region of increased volume 
extends approximately one t r a c k  width on e i t h e r  s ide  of t he  contact  zone. If 
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Figure 9. - Percent of upper test ball fa i lures for test group as a function of 
difference i n  hardness between lower test balls and upper test ball. 

wear does not take place,  t h e  volume of surface displaced t o  t h e  region adja-  
cent t o  the t r a c k  should equal t he  volume of mater ia l  displaced from the  t r a c k  
i t s e l f  ( i f  it i s  assumed t h a t  s t e e l s  a r e  e s s e n t i a l l y  incompressible).  I n  many 
cases,  however, t h e  volume l o s t  i s  grea te r  than t h e  volume displaced t o  e i t h e r  
s ide  of the t rack;  t h e  d i f fe rence  represents  t h e  mater ia l  removed by wear. 

P las t ic  deformation and wear da ta  were obtained f o r  upper t es t  b a l l s  with 
Rockwell C hardnesses of 60.5, 61.8, 63.2, 65.2, and 66.4. These b a l l s  were 
run against  lower t e s t  b a l l s  having average Rockwell C hardnesses of 60.5, 
63.2, and 65.2. 
800,000 psi ,  a contact angle of 30°, room temperature, and 30,000 s t r e s s  cy- 
c l e s  i n  the f i v e - b a l l  f a t igue  t e s t e r .  
and wear areas  a r e  given i n  t a b l e  V. 
p lo t ted  as a funct ion of upper t e s t  b a l l  hardness i n  f i gu re  10. It w i l l  be 
noted from f igu re  10 t h a t ,  as t h e  hardness of t h e  upper t e s t  b a l l  increases  
for a given lower t e s t  b a l l  hardness, t he  amounts of deformation and wear de- 
crease.  By t h e  use of tr igonometric r e l a t i o n s ,  a n  e f f e c t i v e  radius  r a f t e r  
p l a s t i c  deformation and wear (which corresponds t o  t h e  p r o f i l e  rad ius  i n  f i g -  
ure 3 ( a ) )  a t  t he  point of contact  can be ca lcu la ted  i n  terms of t he  deformation 

Running conditions were an i n i t i a l  maximum Hertz s t r e s s  of 

Average values f o r  p l a s t i c  deformation 
These d a t a  f o r  deformation and wear were 
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TABLE V. - DEFORNATION AND WEAR AND THEIR EFFECT ON MkXIiNUX HERTZ STRESS FCR V n Y i I 3 ~  

HARDNESS COXBINATIONS I N  FIVE-BALL FATIGUE TESTER 

a r e a  from 
s,drface 

t r a c e ,  
sq i n .  

[ I n i t i a l  zaximum Her tz  s t r e s s ,  600,000 p s i ;  contac t  ang le ,  30"; 30,000 s t r e s s  cyc les ;  

1 10-percent  
l i f e  

r ad ius1  P s i  

upper l p l - p - ~ - - - -  7 - 7  of  1 

t e s t  1 1 1 i  

room t empera ture . ]  

hardness  

n a t  i o n a )  
(and des ig -  

60.5 I-B) 

63.2 111-E) 
65.2 Tv-I )  
86.4 I V-K) 

61.8 11-c) 

Lower t e s t  / J  pper  t e s t  
b a l l  b a l l  d e f o r -  

Rockwell C i ?a t ion  a r e a  

(and des ig-  1 A:Ft:%, hardness  

n a t i o n a )  1 sq i n .  

60.5 (I-B) i1.02X10-6 
.53 

1 .42 
1 -27 
.28 

63.2 (111-E) 1.22X10-6 
~ .70 
I .45 
' .31 
~ .26 

~ 65.2 ( I V - I )  11.22XlO-6 .74 

-52  
.29 
.23 

-___ 
Re 1 a t  iv e 

ex- 
eriv.ent a 1  
3-percer.5 

l i f e  

aSee t a b l e  11. 
bNo deformation and wear of lower t e s t  b a l l  a s s w e d .  
cDeformation and wear of  lower t e s t  b a l l  a s s , n e d  equal  t o  t h a t  of ;pper t e s t  b a l l .  
dDefornat ion and wear of  loT!:er t e s t  b a l l  assuned equal  t o  t h a t  val'.Ie ob ta ined  vith.  r e v e r s e  hardr.ess 

eEst i n a t  ed. 
comb i n a t  ion .  

Upper test ball Rockwell C hardness 

(a) Deformation. (b) Wear. 

Figure 10. - Deformation and wear areas measured from surface trace for upper test balls of varying hardness r u n  with lower test balls of three hardness levels 
plotted against upper test ball hardness. Initial maximum Hertz stress, 833.W psi; contad angle, 300; 30.m stress cycles; five-ball fatigue tester. 
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? 

and wear a rea  a,  t h e  depth of t h e  running t r a c k  h,  and t h e  o r i g i n a l  b a l l  ra- 
dius  R as follows: 

I -  I 

A der iva t ion  of t h i s  equation can be found i n  reference 9. 
t h i s  calculated p r o f i l e  r ad ius ,  t h e  e f f e c t i v e  maximum Hertz s t r e s s  a f t e r  30,000 
stress cycles of operat ion can be ca lcu la ted .  
p l a s t i c  deformation t h a t  may or may not be accumulative i n  t h e  lower b a l l s  (be-  
cause of t h e i r  unknown degree of randomness of r o t a t i o n ) ,  t h r e e  ca l cu la t ions  
were made f o r  each hardness combination. Deformation on a lower b a l l  w a s  as- 
sumed t o  be one of t h ree  values  u t i l i z i n g  one of t h e  following assumptions : 
(1) no deformation occurred i n  t h e  lower b a l l s ,  ( 2 )  t h e  deformation on a lower 
b a l l  was equal t o  that of t h e  upper b a l l s ,  and (3) t h e  deformation on a lower 
b a l l  was equal t o  the  value obtained with t h e  reverse  hardness combination. 
These reca lcu la ted  s t r e s s e s  a re  given i n  t a b l e  V. By means of these  recalcu-  
l a t e d  s t r e s s e s  and t h e  f a c t  that t h e  r e l a t i o n  of f a t igue  l i f e  i s  inverse ly  pro- 

po r t iona l  t o  s t r e s s  t o  t h e  n in th  power ( L  = K - ' where K i s  a cons tan t ) ,  

t h e o r e t i c a l  r e l a t i v e  10-percent l i v e s  were ca lcu la ted  f o r  t h e  aforementioned 
assumptions. These t h e o r e t i c a l  l i v e s  a r e  a l s o  presented i n  t a b l e  V and a re  
compared with the  r e l a t i v e  experimental 10-percent l i v e s .  It i s  apparent from 
these  values t h a t  t h e  d i f fe rence  i n  e f f e c t i v e  s t r e s s  with varying component 
hardness combinations does not account f o r  t h e  a c t u a l  d i f fe rences  i n  f a t igue  
l i f e .  This i s  not t o  say, however, t h a t  these  d i f fe rences  do not  account f o r  
some of the  va r i a t ions  i n  l i f e .  

On t h e  b a s i s  of 

I n  order t o  account f o r  t h e  

s9 

Tempemture Studies  

A possible cause of d i f fe rences  i n  f a t i g u e  l i f e  with d i f f e r e n t  hardness 
combinations may be t h e  contact  temperature induced by s l i d i n g  wi th in  t h e  con- 
t a c t  zone ( r e f .  7 ) .  
thermal s t r e s ses  and a l t e r  t h e  ca lcu la ted  maximum shearing s t r e s s .  By using 
t h e  temperature measuring device shown i n  f igu re  2 ( c )  (p. 7 ) ,  temperature mea- 
surements were taken a t  t h e  edge of t h e  running t r a c k  of a s e r i e s  of upper 
t e s t  b a l l s  having a Rockwell C hardness of 63.2 run aga ins t  f i v e  s e r i e s  of 
lower t e s t  b a l l s  having hardnesses ranging from 60.5 t o  66.4. These measure- 
ments were taken a t  an i n i t i a l  maximum Hertz s t r e s s  of 800,000 p s i ,  a contact 
angle of 30°, and a t  ambient temperature (no heat  added). 
l a t e d  i n  t ab le  V I .  
cant differences i n  t h e  measured near contact  temperature of t h e  hardness com- 
b i n a t  ions measured. 

Temperature grad ien ts  i n  t h e  contact  zone can induce 

These data a r e  tabu- 
It w i l l  be noted from these  da ta  t h a t  t he re  a r e  no s i g n i f i -  

Meta l lurg ica l  E f fec t s  

A s  discussed herein,  var ious me ta l lu rg ica l  p rope r t i e s  can a f f e c t  f a t igue  
l i f e .  Among these  proper t ies  i s  r e t a ined  aus ten i te .  It has been implied i n  
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TABLE V I .  - TEMPERATURF AT EDGE OF CONTACT ZONE FOR MODIFIED FIVE- 

BAIL FATIGUE TESTER WITH 1/2-INCH-DIAMETER SAE 52100 STEEL BALLS 

[Initial maximum-Hertz stress, 800,000 psi; shaft speed, 
10,000 r p m ;  contact angle, 3OO.l 

Lower test ball 
Rockwell C 
hardness 

(and designation") 

60.5 (I-B) 
61.8 (11-C) 
63.2 (111-E) 
65.0 (IV-H) 
66.2 (V-J) 

Upper test ball 
Rockwell C 
hardness 

(and designation") 

Temperature (no 
heat added), OF 

Race Contact 
zone of 
upper 

test ball 

135 184 
132 184 
130 18 7 
130 186 
125 180 

63.2 (111-E) 

W e e  table 11. 

re ference  3 t h a t ,  f o r  a given hardness, as re ta ined  a u s t e n i t e  i s  decreased, fa- 
t i gue  l i f e  would increase.  
ever ,  it can be concluded that  t h e  e f f e c t  on f a t igue  l i f e  of r e t a i n e d  a u s t e n i t e  
i s  obscured by d i f fe rences  i n  component hardness. 

From the  data presented i n  t a b l e s  I1 and I V ,  how- 

The specimens were extremely clean and d i d  not vary s i g n i f i c a n t l y  i n  t h e i r  
c leanl iness  r a t i n g s  as indicated i n  table V I .  Consequently, c leanl iness  was 
not a f a c t o r  i n  these  t e s t s .  
d i d  not vary and w a s  of no importance i n  accounting f o r  any differences i n  
l i f e .  
i nd ica t e s  t h a t  surface f i n i s h  w a s  not an important c r i t e r i o n .  
meta l lurg ica l  var iab les  are not prime f ac to r s  a f f e c t i n g  t h e  f a t igue  r e s u l t s  
presented herein.  

A s  was  expected, t h e  p r i o r  a u s t e n i t e  gra in  s i z e  

Additionally,  each b a l l  w a s  fabr ica ted  t o  the  same surface f i n i s h ,  which 
Therefore, these  

SUMMARY OF RESULTS 

The NASA f i v e - b a l l  f a t igue  t e s t e r  was used t o  determine the  system 
ro l l ing-contac t  f a t igue  l i f e  of t h ree  groups of l/Z-inch-diameter SAE 52100 
s t e e l  upper t es t  balls tempered t o  vmious  hardness l e v e l s  run against  groups 
of lower t e s t  balls of t h e  same mater ia l  with varying hardness l eve l s .  Tests 
were conducted a t  a maximum Hertz s t r e s s  of 800,000 p s i ,  no heat  added, and 
with a h igh ly  p u r i f i e d  naphthenic mineral  o i l  lubr icant .  The influence on fa- 
t i gue  l i f e  of component hardness combinations, system r e s i s t a n c e  t o  p l a s t i c  
deformation and wear i n  r o l l i n g  contact ,  and temperature near t he  contact zone 
were evaluated. The following r e s u l t s  were obtained: 

1. System fa t igue  l i f e  and load capacity i n  the  f i v e - b a l l  f a t igue  t e s t e r  
were found t o  be maximum where t h e  lower t e s t  b a l l  hardness w a s  one t o  two 
poin ts  (Rockwell C )  g r ea t e r  than  t h e  upper t es t  ba l l  hardness f o r  varying hard- 
nesses of both components. These r e s u l t s  ind ica te  t h a t  a maximum bearing fa- 
t i g u e  l i f e  can be achieved where the  b a l l s  of t h e  bearing a r e  one t o  two poin ts  
(Rockwell C )  harder than t h e  races .  
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2. Differences i n  p l a s t i c  deformation and wear f o r  d i f f e r e n t  hardness 
combinations could not account for measured d i f f e rences  i n  f a t i g u e  l i f e .  

3. The measured near contact  temperatures based on da ta  obtained with f ive 
hardness combinations were not s i g n i f i c a n t l y  d i f f e r e n t  i n d i c a t i n g  t h a t  any 
thermal e f f e c t  on fatigue l i f e  could not account f o r  d i f f e rences  i n  l i f e .  

4. Only minor d i f f e rences  i n  meta l lurg ica l  s t r u c t u r e  were observed f o r  t h e  
var ious hardness l e v e l s  considered. Percent r e t a i n e d  a u s t e n i t e  decreased with 
higher tempering temperature (lower hardness).  
e x i s t i n g  between f a t i g u e  l i f e  and retained a u s t e n i t e  was obscured by d i f f e r -  
ences i n  hardness. 

Any apparent c o r r e l a t i o n  t h a t  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 23,  1964 
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